A systematic approach for mechanism reduction was demonstrated to generate a skeletal and reduced mechanism for the oxidation of -butane. First, a skeletal mechanism, including 89 species and 440 elementary reactions, was derived from a 230-species detailed mechanism using path flux analysis (PFA). Then, the unimportant reactions were eliminated using the importance index defined in computational singular perturbation (CSP), resulting in a skeletal mechanism consisting of 89 species and 298 elementary reactions. Finally, 20 global quasi-steady-state species were identified using a CSP-based time-scale analysis, leading to a 69-species reduced mechanism. Validation of the 89-species skeletal and 69-species reduced mechanisms showed good agreement with the detailed mechanism for both the ignition delay time and the distribution of species concentration over a wide range of simulation conditions.
Introduction
Microburners are emerging as a powerful tool to convert available energy into usable forms in small-scale applications [1] [2] [3] [4] . -Butane, one of the liquid hydrocarbons, is widely used in microcombustion because of its easy storage and transport. However, its ignition and combustion stability remain a challenge [5] . Understanding the combustion chemistry of -butane is the key to improving the system combustion efficiency and optimizing the design. -Butane is a simple hydrocarbon fuel that exhibits similar combustion characteristics to the more complex hydrocarbon fuels, such as negative temperature coefficient regions (NTC) and two-stage autoignition. However, the detailed mechanism for -butane is highly complex.
Kojima [6] reported a detailed, low temperature, chemical kinetic mechanism of -butane autoignition, consisting of 141 species and 461 reactions, and validated the mechanism against a rapid compression experiment. Warth et al. [7] generated a mechanism including 168 species and 797 reactions for -butane oxidation and validated this mechanism by modeling -butane oxidation at low temperature between 554 and 737 K in the NTC region and at 937 K. Strelkova et al. [8] developed a skeletal mechanism, including 54 species and 94 reactions, for low temperature (500-800 K) ignition of -butane. The recently published detailed mechanism from Healy et al. [9] for -butane, comprising 230 species and 1328 reactions, was validated by an experiment both in a rapid compression machine and in a shock tube for a wider range of equivalence ratios (0.3-2), pressures (1-45 atm), and temperatures (690-1430 K).
The detailed chemical kinetic mechanism prevents the computation of complex combustion phenomena, such as two-and three-dimensional combustion, because of the large size and chemical stiffness. Therefore, it is necessary to reduce the detailed mechanism to smaller sizes with less stiffness.
The detailed mechanism reduction can be conducted at two levels. The first level is skeletal reduction using methods such as directed relation graph (DRG) [10] , DRG with error propagation (DRGEP) [11] , path flux analysis (PFA) [12] , revised DRG (DRGMAX) [13] , automatic mechanism reduction program ReaxRed (http://ccg.scu.edu.cn/), and computational singular perturbation (CSP) [14] [15] [16] [17] to eliminate the unimportant reactions and species. The second level of reduction is global reduction using methods including computational singular perturbation (CSP) [18] , quasi-steady-state approximation (QSSA) [19] , and intrinsic low dimensional 2 Journal of Chemistry manifold (ILDM) [20] to consider the impact of the timescales on the whole reaction system.
In the present study, we generated the smallest skeletal mechanism consisting of 89 species and 440 elementary reactions from Healy's detailed mechanism by comparing four different reduction methods (DRG, DRGEP, DRGMAX, and PFA). Then, the skeletal mechanism was reduced further by the computational singular perturbation (CSP) method to identify and eliminate only the elementary reactions. The final skeletal mechanism consists of 89 species and 298 elementary reactions. We further applied CSP and the QSS assumption for the final skeletal mechanism to generate a reduced mechanism with 69 species.
Reduction Methodologies

DRG.
The DRG method is an efficient method for skeletal mechanism reduction. In the DRG method, , normalized contribution of species to the production rate of species , is defined as
Here, is the total number of elementary reactions, V , is the stoichiometric coefficient of species in the th elementary reaction, and is the net reaction rate of the th elementary reaction. For , if th elementary reaction involves species , = 1; otherwise, = 0. indicates the dependence of species on species . If < (threshold), the relation between and is considered to be negligible. On the other hand, species is selected when > .
DRGEP.
For the DRGEP method, is defined as
All forward and backward rates must be considered as a single reaction when using the method. As in the DRG method, if < , the relation between and is considered to be negligible. On the other hand, species is selected when > .
DRGMAX. For the revised DRG method, is defined as
We can more effectively handle large isomer groups in the detailed mechanism using this method. As in the DRG method, if < , the relation between and is considered to be negligible. On the other hand, species is selected when > .
PFA.
For the PFA method, of the second generation is defined as
where
1st-con 1st-con .
(6)
The production and consumption fluxes are used to identify the important reaction pathways in this method. As in the DRG method, if < , the relation between and is considered to be negligible. On the other hand, species is selected when > .
CSP to Remove the Unimportant Reactions.
In 2008, Lu and Law [21] developed the CSP method to remove the unimportant reactions through an importance index after eliminating the unimportant species. For this method, the importance index of the reaction is defined as
th reaction is considered not important for a reaction state when , < .
Time-Scale
Reduction with QSSA. QSSA assumes that the net production rate of the QSS species is zero to obtain less stiffness of the chemical reaction system. To apply the QSSA method, the QSS species need to be identified by CSP theory. CSP theory is based on the Jacobian matrix J in the following form:
where y is the vector of the species concentration and g is the source term, including the contribution from chemical reactions. Once the fast and slow subspaces are decoupled, the Jacobian matrix J can become
where A and B are the basis vectors and Λ is the diagonal matrix.
The criterion for the QSS species can be expressed as [22] < , Q = A slow B slow ,
where Q is the projection matrix to the slow subspace and is the threshold to identify the QSS species.
Reduction Strategies
Skeletal Reduction.
The data sampled for reduction [22] [23] [24] were from autoignition of the 230-species detailed mechanism under pressures from 1 to 45 atm, equivalence ratios from 0.3 to 2, and initial temperatures from 690 K to 1430 K. The species C 4 H 10 , N 2 , O 2 , CO 2 , and H 2 O were selected as the initial important species. The DRG, DRGEP, DRGMAX, and PFA methods were used to generate different skeletal mechanisms with different threshold values . Figure 1 shows the relationship between the threshold values and the number of species from different reduction methods. Figure 2 shows the relationship between the number of species and the maximum error of the ignition delay time for the different skeletal mechanisms from different reduction methods. When the number of species of different reduction methods is similar, the maximum error of the ignition delay time is different. Figures 1 and 2 also show that we can generate the smallest skeletal mechanism consisting of 89 species and 440 elementary reactions by the PFA method. Compared with the detailed mechanism, the skeletal mechanism eliminated 141 species, and the maximum and averaged errors of the ignition delay time were 21.26% and 6.5%.
We further removed the unimportant reactions of the 89 species and 440 elementary reactions of the skeletal mechanism. The data sampled and the important species selected were the same as for the PFA method. By comparing different thresholds, the final skeletal mechanism consisting of 89 species and 298 elementary reactions was derived with the requirement of = 0.1916. Compared with the 89-species skeletal mechanism, the final skeletal mechanism eliminated 150 elementary reactions, and the maximum and the averaged errors of the ignition delay time were 22.37% and 8.9%.
Time-Scale Reduction with QSSA.
By using CSP to identify the QSS species, the 89-species skeletal mechanism can be further reduced. Again, using the databases from the autoignition of the 230-species detailed mechanism under pressures from 1 to 45 atm, equivalence ratios from 0.3 to 2, and initial temperatures from 690 K to 1430 K, the time scales of each species were calculated for each data point [25] . Choosing = 0.01538993, species were identified as global QSS species, namely, C2H3O1-2, SC4H9O, HOCH2O, CH3CO2, C4H8OH-2O2, SC4H8OH, CH3CO, C3H2, C3H6OOH1-2, C3H6OOH1-3, C4H8OOH2-4, C3H5O, CH2(S), C4H8OOH1-3, C4H8OOH2-3, SC4H9, HCO, NC3H7, and PC4H9. Finally, we obtained a 69-species and 65-global-step reduced mechanism.
As a summary, Figure 3 shows the flowchart of the reduction procedures and the sizes of the intermediate mechanisms. The final reduced mechanism by integration of different reduction approaches is approximately 4 times smaller than the detailed mechanism. The reduction by an individual method alone is less powerful. The error tolerances of the ignition delay time were smaller than 30% in the reduction steps.
Reduction Validation
The ignition delay time, as an important flame feature, can be calculated in the closed homogeneous constant-volume reactor. Figure 4 shows the calculated ignition delay time using the 230-species detail, the 89-species skeletal, and the 69-species reduced mechanisms under pressures from 1 to 45 atm, equivalence ratios from 0.3 to 2, and initial temperatures from 690 K to 1430 K. The 89-species skeletal and 69-species reduced mechanisms accurately mimic the 230-species detailed mechanism for the entire parameter range, exhibiting slightly larger deviations around the negative temperature coefficient (NTC) zone. The deviations are primarily induced by the relatively large temperature interval in the NTC zone, which eliminates some active species and elementary reactions. Figure 5 shows the temperature profiles calculated in the closed homogeneous constant-volume reactor using these mechanisms for the pressure of 1 atm and equivalence ratio range of 0.3-1. The temperature variation comparison is similar for the entire equivalence ratio range, with slightly larger error for low initial temperature ( 0 = 800 K). Figure 6 shows the computed mole fraction of the main species for the pressure of 10 atm and equivalence ratio of 1. The main species mole fractions have very close agreement, and the 69-species reduced mechanism has smaller errors than the 89-species skeletal mechanism.
To further examine the performance of the reduced mechanisms, the 1D laminar flame speeds were calculated with the 230-species detailed, 89-species skeletal, and 69-species reduced mechanisms. Figure 7 shows that the curves for the reduced mechanisms are similar to those of the detailed mechanism, with the worst-case difference being less than 4.5 cm/s under the pressure of 10 atm.
Conclusions
A suite of methods was integrated for the systematic reduction of large -butane detailed mechanisms comprising 230 species and 1328 reactions. The integrated method consists of two major steps, namely, skeletal reduction and global reduction (time-scale reduction). The PFA has been applied to the generation of a skeletal mechanism with 89 species and 440 elementary reactions by comparing the different Detailed mechanism 89-species skeletal mechanism Reduced mechanism P = 10 atm = 1 T 0 = 1000 K Figure 6 : The mole fraction of -butane/air for the main species in constant-volume autoignition under the pressure of 1 atm, initial temperature of 0 = 1000 K, and equivalence ratio of 1, calculated with the 230-species detailed, 89-species skeletal, and 69-species reduced mechanisms. methodologies based on directed relation graph reduction. The unimportant reactions were eliminated using the CSP importance index, resulting in an 89-species and 298-elementary-reaction skeletal mechanism. By identifying the QSS species, the 89-species and 298-elementary-reaction skeletal mechanism can be simplified further to a reduced mechanism, including 69 species and 65-global-step reactions. High fidelity in the simulation was demonstrated. 
